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Abstract

Along with the recent spread of multidrug-resistant bacteria, outbreaks of extended-spectrum (-lactamase (ESBL)
and carbapenemase-producing bacteria present a serious challenge to clinicians. B-lactam antibiotics are the most
frequently used antibacterial agents and ESBLs, and carbapenemases confer resistance not only to carbapenem
antibiotics but also to penicillin and cephem antibiotics. The mechanism of B-lactam resistance involves an efflux
pump, reduced permeability, altered transpeptidases, and inactivation by 3-lactamases. Horizontal gene transfer is
the most common mechanism associated with the spread of extended-spectrum 3-lactam- and carbapenem
resistance among pathogenic bacterial species. Along with the increase in antimicrobial resistance, many different

types of ESBLs and carbapenemases have emerged with different enzymatic characteristics. For example,
carbapenemases are represented across classes A to D of the Ambler classification system. Because bacteria
harboring different types of ESBLs and carbapenemases require specific therapeutic strategies, it is essential for
clinicians to understand the characteristics of infecting pathogens. In this review, we summarize the current
knowledge on carbapenem resistance by ESBLs and carbapenemases, such as class A carbapenemases, class C
extended-spectrum AmpC (ESAQ), carbapenem-hydrolyzing class D -lactamases (CHDLs), and class B metallo-f3-
lactamases, with the aim of aiding critical care clinicians in their therapeutic decision making.
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Background

Among the recent spread of multidrug-resistant bacteria,
outbreaks of extended-spectrum B-lactam- and carbapenem-
resistant bacteria are a serious problem not only mak-
ing treatment difficult but also worsening the prognosis
of infected patients [1]. P-lactam antibiotics are the
most frequently used antibacterial agents, and extended-
spectrum f-lactams and carbapenems have been devel-
oped as specific drugs to treat bacterial species resistant to
penicillins and cephems [2]. Bacterial resistance to car-
bapenems incorporates not only carbapenem antibiotics
but also resistance to penicillin and cephem antibiotics.
Therefore, resistance to carbapenems presents a signifi-
cant threat to patients who are immunocompromised
and are therefore susceptible to infections caused by
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multidrug-resistant bacteria all over the world [3]. The
mechanism of resistance to extended-spectrum f-
lactams and carbapenems involves an efflux pump, re-
duced permeability, altered transpeptidases, and inacti-
vation by B-lactamases. Horizontal gene transfer is the
most common mechanism associated with the spread
of antimicrobial resistance across pathogenic bacterial
species, such as carbapenemase-producing Enterobacte-
riaceae (CPE) [4, 5]. In various bacterial species, novel
extended-spectrum f-lactamases (ESBLs) or carbapene-
mases with different structures or characteristic features
are reported each year.

Various ESBLs and carbapenemases have been re-
ported in the Enterobacteriaceae including Enterobacter,
Klebsiella, Escherichia coli [6, 7], and other opportunistic
species such as Serratia, Acinetobacter, and Pseudo-
monas [8]. In addition, the genetic elements by which
drug-resistant genes horizontally move across bacterial
species have been studied among these bacterial species.
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As one typical example, Pseudomonas aeruginosa, one of
the major causative agents of infection in immunocom-
promised individuals, displays resistance to various anti-
bacterial agents. Its resistance mechanism is, in part,
derived from the organism’s natural resistance, but is
also acquired through horizontal gene transfer and/or
mutations within its DNA. P. aeruginosa is naturally re-
sistant to P-lactam antibiotics, such as penicillin and
cephem, and aminoglycoside antibiotics. Since the
1990s, P. aeruginosa strains have emerged that have ac-
quired resistance to broad-spectrum penicillins, third-
generation cephems, carbapenems, anti-P. aeruginosa
aminoglycosides, and new quinolones [9, 10]. Among
these multidrug-resistant P. aeruginosa (MDRP), one of
the major clinical concerns is the spread of P. aeruginosa
strains that harbor a carbapenemase because B-lactam
antibiotics including carbapenems are the most fre-
quently used antibacterial agents. An anti-methicillin-re-
sistant Staphylococcus aureus (MRSA) drug, albekacin
sulfate, a monobactam aztreonam, and polypeptide colis-
tin appear to be effective against MDRP, but the emer-
gence of resistant strains has also been reported including
extensively drug-resistant P. aeruginosa (XDRP) and
pandrug-resistant P. aeruginosa (PDRP) [10, 11].

To date, many different types of ESBLs and carbapene-
mases have emerged with different enzymatic character-
istics [1]. Because the specific therapeutic strategy is
dependent on the type of ESBL and carbapenemase, it is
vital for clinicians to understand the characteristics of
ESBLs and carbapenemases [12]; however, in practice,
the complex biology associated with ESBLs and carbape-
nemases presents significant challenges in the effective
control of infections. In this review, we summarize anti-
microbial resistance by ESBLs and carbapenemases, with
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the aim of collating the current knowledge in this field
to aid therapeutic decision making by critical care
clinicians.

B-Lactam antibiotics, penicillin-binding protein
(PBP), and B-lactamase
We will begin by reiterating the mechanism of action of
B-lactam antibiotics. The main constituent of the cell
wall formed in the outer membrane layer of eubacteria
is peptidoglycan, which is a macromolecular structure
consisting of peptide and sugar (Fig. 1). This peptidogly-
can structure confers resistance to osmotic pressure and
retains cell morphology and strength. It is also the target
of B-lactam drugs. By inhibiting the formation of this
structure, B-lactams suppress bacterial cell division (bac-
teriostatic action) or induce bacterial rupture against os-
motic pressure (bactericidal activity). Peptidoglycan
possesses a basic structural unit in which two amino
sugars of N-acetylglucosamine (NAG) and N-acetyl-
muramic acid (NAM) alternate, and a longitudinal pep-
tide chain linked to NAM forms a pillar. This peptide
chain is a pentapeptide consisting of alternating p- and
L-forms of L-alanine, y-D-glutamic acid, L-lysine, D-ala-
nine, and D-alanine residues. At the time of cross-
linking, p-alanine at the carboxyl-terminal of pentapep-
tide is first eliminated by hydrolysis. Next, the fourth -
alanine carboxyl group and the third diaminopimelic
acid, which is a e-carboxyl derivative of lysine of the
same columnar structure as the neighboring molecule,
are combined with a triglycine peptide structure for
horizontal reinforcement of the chain. These reactions
are mediated by the bacterial enzyme known as PBP.
PBP recognizes alanyl-alanine, which is an alanine
dimer formed by D-alanine-D-alanine present at the end

Peptidoglycan

N-Acetylmuramic acid

cross-linking reaction

Inhibition of crosslinking

N-Acetylglucosamine

Fig. 1 The antimicrobial action of (-lactamase against the peptidoglycan structure of the bacterial cell membrane. Peptidoglycan possesses a
basic structural unit in which two amino sugars of N-acetylglucosamine (NAG) and N-acetylmuramic acid (NAM) alternate, and a longitudinal
peptide chain linked to NAM forms a pillar. This peptide chain is a pentapeptide consisted of alternating p- and L-forms of L-alanine, y-b-glutamic
acid, L-lysine, p-alanine, and p-alanine that forms a bacterial enzyme known as penicillin-binding protein (PBP). PBP recognizes alanyl-alanine,
which is an alanine dimer formed by p-alanine-p-alanine present at the end of the pentapeptide, and exerts the enzymatic action of cross-linking.
Since penicillin is structurally similar to alanyl-alanine at the terminal region of the pillar structure, PBP captures penicillin, thereby inhibiting the
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of the pentapeptide, and its enzymatic activity mediates
cross-linking [13, 14]. A cross-linking reaction is in-
duced by the formation of a covalent bond between the
serine residue in the active center of PBP and the carb-
oxyl group produced by hydrolytic cleavage of D-alanine.
Thereby, PBP displays adenyl-alanine endopeptidase ac-
tivity. Since penicillin has a structure similar to that of
alanyl-alanine at the terminal part of this pillar structure,
PBP cannot distinguish between these structures and
binds to both, leading to inhibition of the cross-linking
reaction. Seven types of PBP genes exist in the E. coli
genome, and eight types of PBP genes exist in the gen-
ome of P. aeruginosa reference strain PAOL1 (Fig. 2) [15].
Among them, five types of genes (PBP1A, PBP1B, PBP2,
PBP3A, and PBP3B) encode high molecular weight PBPs
(HMM-PBPs, molecular weight 60,000 to 90,000) that
display both transglycosylase and transpeptidase activ-
ities and play a role in cell elongation and partition for-
mation. In cell division and morphogenesis, PBP1A and
PBP1B are thought to be involved in growth and elong-
ation, PBP2 in formation of a gonococcal form, and
PBP3 in partition formation during division.

The remaining three types are low molecular mass
BPBs (LMM-PBPs; molecular weight of 40,000-50,000)
that display p-alanine carboxypeptidase activity and are
widely resistant to various p-lactams. The roles of
LMM-PBPs are still under research. Both the HMM-
PBP transpeptidase activity and the LMM-PBP alanine
carboxypeptidase activity utilize a serine residue as an
enzymatic activity center, and the B-lactam antibacterial
agent exhibits enzyme inhibitory activity by binding to
this serine residue, which is a common feature of class
A, C, and D P-lactamases (which is discussed again
later). As one mechanism of the development of resist-
ant bacteria, the substrate specificity of PBP may be
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changed to reduce the ability to link to a -lactam-based
antibacterial agent. For example, MRSA produces
PBP2’, which possesses a mutation in PBP, that has low
affinity for p-lactams. Another example is the mechan-
ism of resistance to the glycopeptide class of antibacter-
ial agents, such as vancomycin. In this mechanism,
Enterococci with the vanA gene cluster derived from
transposon Tnl546 expresses a group of enzymes that
exchange the peptidoglycan peptide longitudinal chain
from D-alanine-D-alanine to D-alanine-D-serine and in-
hibit binding to vancomycin.

Next, we will reiterate the mechanism of action of -
lactamase. B-lactamase inhibits antibacterial activity by
dissociating the —-CO—NH structure of the B-lactam ring,
which is part of the basic structure of -lactams (Fig. 3).
The —CO-NH structure of the B-lactam ring comprises
the —CO-NH peptide in the alanyl-alanine dimer from
which the peptidoglycan cross-links are formed. Thus,
B-lactams mimic the alanyl-alanine of the peptidoglycan
pillar structure and this is the binding region. Thus, -
lactamase is a protease (peptidase) that dissociates pep-
tide bonds. PBP is bound by the original substrate
alanyl-alanine and penicillin, which works as an inhibitor
since it shares a similar structure with alanyl-alanine.
These findings indicate that PBP and [-lactamase share
similar structures because they exert peptidase activity,
implying that p-lactamase may be evolutionarily derived
from PBP.

In fact, the enzyme active site motifs S-X-X-K, S-D-N,
and K-S/T-G in the primary sequence of class A p-
lactamases, also exist in PBP (Additional file 1: Figure S1).
This indicates that the B-lactamases and the peptidoglycan
cross-linking enzyme, PBP, co-evolved. At present, clinic-
ally used B-lactams can be classified into five basic struc-
tures capable of exerting different antimicrobial activities

(PA5045) PonA
penicillin-binding protein 1A
(PA4700) MrcB
penicillin-binding protein 1B
(PA4418) PbpB, Ftsl
penicillin-binding protein 3B

(PA4110) Class C: AmpC

(PA4003) PbpA
penicillin-binding protein 2

(PA4110) DacC
penicillin-binding protein 5
D-ala-D-ala-carboxypeptidase

(PA3047) DacB
penicillin-binding protein 4
D-ala-D-ala-carboxypeptidase

(PA5541) Class D: PoxB, OXA-50
(PA5542) Class A: PIB-1

PAO1 genome
5570 genes in 6.3M

Fig. 2 The genes encoding penicillin-binding proteins in P. aeruginosa PAO1. Eight types of PBP genes and three chromosomal 3-lactamase
genes for PIB-1 (class A), AmpC (class C), and PoxB (class D) exist in the genome of P. geruginosa reference strain PAO1 [15]
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Fig. 3 The enzymatic action of a B-lactamase to penicillins. The - RCONH—— R2
lactam ring is the basic structure of 3-lactam antibiotics. 3-lactamase
inhibits the antibacterial action by dissociating the ~CO-NH COOH
structure of the B-lactam ring. The —~CO-NH structure of the f3- o OH
lactam ring is similar to the -CO-NH peptide in alanyl-alanine, from \\ /—/
which the peptidoglycan cross-links are formed. Thus, 3-lactams clavam N
mimic alanyl-alanine of the peptidoglycan pillar structure. Thus, - |
lactamase is a protease (peptidase) that dissociates the ~CO-NH RCONH— (0]
structure of p-lactams Fig. 4 The chemical structure of B-lactam antimicrobials. Clinically
used B-lactams can be classified into five basic structures capable of
exerting different antimicrobial activities

(Fig. 4). Many of them originate from natural antibacterial
substances produced by actinomycetes or fungi. Thus, ac-
tinomycetes themselves are resistant to their own anti-
microbial agents. This indicates that both antibacterial
substances and agents that counter such substances co-
evolved in actinomycetes.

Classification of B-lactamases and P. aeruginosa
drug resistance

To date, -lactamases have been classified based on the mo-
lecular structure classification of Ambler [16] and the
functional classification of Bush-Jacobi-Medeiros (Fig. 5)
[17, 18]. In the Ambler classification, B-lactamases are
grouped into four class A, B, C, and D according to motifs
composed of primary sequences constituting the protein
molecules. B-lactamases of classes A, C, and D use a serine
as an enzyme active center, whereas p-lactamases of class B
use the metal zinc. In the functional classification of Bush-
Jacobi-Medeiros, -lactamases are classified into groups 1 to
3 depending on the degradation of B-lactam substrates and

the effects of inhibitors. Group 1 comprises cephalospori-
nases that are classified as class C based on molecular struc-
tural classification, and the gene involved was originally
chromosomal. Group 2 comprises B-lactamases other than
those in group 1 having serine in the active center and in-
cludes both classes A and D according to molecular struc-
tural classification. Group 3 comprises metallo-B-lactamases
(MBLs) and corresponds to class B of the molecular struc-
tural classification. Within the genome of P. aeruginosa
PAOQ], a standard strain of P. aeruginosa and the first strain
subjected to whole-genome sequence analysis, the class A
PIB-1 (PA5542), class C AmpC (PA 4410), and class D PoxB
(OXA-50, PA5541) B-lactamases are encoded (Fig. 2). Thus,
P. aeruginosa PAOL1 is equipped with three different types
of P-lactamases, only lacking a class B p-lactamase [15].
These chromosome-encoded intrinsic -lactamase genes of
P. aeruginosa are partially responsible for its natural resist-
ance to penicillins and cephalosporins.
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Ambler molecular classification

: AmpC

Bush-Jacoby-Medeiros functional classification

Group 1: cephalosporinases (Ambler Class C)

Group 3: metallo- B-lactamase (Ambler Class B)

MBL (Metallo-B-lactamase)
Subclass B1: (IMP, VIM, SPM, IND, NDM, DIM, GIM, SIM)
Subclass B3: (AIM, CAU-1, GOB-1,FEZ-1)

Subclass B2: (CphA, Sth-1, ImiS)

ESAC (Extended-spectrum AmpC)

ESBLs (Extended-spectrum B-lactamase,)(Oxacillinases, OXA)
CHDLs (carbapenem-hydolyzing class D B-lactamases)

Group 2: serine- 3-lactamase (Ambler Class A and D)

Carbapenemases

Fig. 5 The classification of 3-lactamases. Molecular structure classification using the Ambler method [16] and functional classification using the
Bush-Jacobi-Medeiros method [17, 18] have both been employed. In the Ambler classification, B-lactamases are grouped into four classes A, B, C,
and D by motifs composed of primary sequences constituting the protein molecules. B-lactamases of classes A, C, and D use a serine at the
enzyme active center, whereas [3-lactamases of class B use metal zinc ions. In functional classification using the Bush-Jacobi-Medeiros method, -
lactamases are classified into groups 1 to 3 depending on the degradation of B-lactam substrates and the effect of the inhibitor

ESBLs and carbapenemases

ESBLs degrade third-generation cephem systems (such as
cefotaxime and ceftazidime) [17] and are characterized by
whether they are inhibited by -lactamase inhibitors, such
as clavulanic acid, sulbactam, and tazobactam [17]. The
appearance of ESBLs in organisms such as Klebsiella and
E. coli indicates that -lactamase-producing genes, such as
TEM-type and SHV-type genes, encoded on a plasmid (R
plasmid), have broadened the range of target drugs by
genetic mutation [12, 19]. Because the resistance genes
are derived from the plasmid, they are easily transmitted
among different bacterial species belonging to the same
genera, such as the Enterobacteriaceae. The repeated mu-
tation of ESBLs has contributed to the emergence of new
[B-lactamases, namely carbapenemases, which hydrolyze
carbapenem antibiotics. In all classes A to D, based on
molecular structural classification, B-lactamases that de-
grade carbapenems have been identified and are discussed
below.

Class A penicillinases, ESBLs, and carbapenemases

Class A penicillinases, such as PC1, which belong to the
Bush-Jacoby functional subgroup 2a, hydrolyze a rela-
tively limited spectrum of penicillins and are predomin-
antly found in Gram-positive cocci. As class A ESBLs
that degrade the early cephalosporins and belong to the
Bush-Jacoby functional subgroup 2b, plasmid-mediated
TEM-1, TEM-2, and SHV-1 were reported from the
1970s-1980s [20]. Soon after, mutated TEM and SHV

ESBLs, such as TEM-3, SHV-2, and CTX-M, which effi-
ciently degrade cefotaxime but remain sensitive to inhib-
ition by clavulanic acid, were reported. These ESBLs
belong to the Bush-Jacoby functional subgroup 2be, and
since the 1990s, many variants such as BEL-1, BES-1,
SFO-1, PER, and VEB were reported as members of this
group [21]. TEM-30 and SHV-10, which hydrolyze peni-
cillins and display relative resistance to clavulanic acid,
sulbactam, and tazobactam, belong to Bush-Jacoby func-
tional subgroup 2br. TEM-50 is a broad-spectrum lacta-
mase that hydrolyzes extended-spectrum cephalosporins
(oxyimino-p-lactams) and monobactams but shows re-
sistance to clavulanic acid, sulbactam, and tazobactam.
Enzymes in this group have acquired resistance to clavu-
lanic acid, sulbactam, and tazobactam and belong to
Bush-Jacoby functional subgroup 2ber [22, 23]. Class A
carbenicillinases and cephalosporinases, which belong to
Bush-Jacoby functional group 2, can be further classified
into more minor subclasses, such as functional groups
2¢, 2ce, and 2e [24]. B-lactamases, such as PSE-1 and
CARB-3, belonging to Bush-Jacoby functional subgroup
2¢, hydrolyze carbenicillin and are inhibited by clavula-
nic acid or tazobactam. A subclass of 2c, namely sub-
class 2ce, comprises one enzyme RTG-4 (CARB-10) that
was recently identified as an extended-spectrum carbeni-
cillinase, and hydrolyzes carbenicillin, cefepime, and cef-
pirome. Subclass 2ce, which includes CepA, hydrolyzes
extended-spectrum cephalosporins and is inhibited by
clavulanic acid or tazobactam but not aztreonam.
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Finally, in the late 1990s, the B-lactamase classified as
class A was mutated to become a carbapenemase, which
degrades carbapenems [24]. As a feature of class A p-
lactamases, the tetrad motif S-X-X-K, the S-D-N triad,
and the K-S/T-G triad, which contain the serine of the en-
zyme active site in their primary sequences, are retained
(Additional file 2: Figure S2) [25]. In addition, class A car-
bapenemases are characterized by susceptibility to inhib-
ition by B-lactamase inhibitors such as clavulanic acid and
tazobactam and are classified as Bush-Jacoby functional
subgroup 2f [24]. Six types of class A carbapenemases
have been reported, these include GES (Guiana extended-
spectrum [-lactamase) [26], SME (Serratia marcescens en-
zyme) [27], SHV (sulthydryl variable lactamase) [28], KPC
(Klebsiella pneumoniae carbapenemase) [29, 30], IMI/
NMC-A  (imipenemase/non-metallocarbapenemase-A)
[31], and SFC (Serratia fonticola carbapenemase) (Fig. 6)
[35, 36]. The KPC-type is transmitted via a plasmid and is
the most representative example of a class A carbapene-
mase, it also plays an important role in controlling the
characteristics of carbapenem-resistant Enterobacteriaceae
bacteria (CRE) [37]. SFC-1 and SME have been reported
in Serratia and are closely related to KPC. SME and IMI/
NMC-A are chromosomally encoded, and the GES gene
blaGES is inserted into the class 1 integron in a plasmid
of P. aeruginosa [38].

Class C ESAC

The p-lactamase belonging to class C is derived from the
ampC gene carried on the genome of many members of
the Enterobacteria genus of the Enterobacteriaceae and is
functionally a cephalosporinase classified into Bush-Jacoby
functional group 1 [39, 40]. It is resistant to clavulanic
acid, but sensitive to cephamycins, such as cefoxitin and

o KPC-1 Klebsiella pneumoniae

o SFC-1 Serratia fonticola
o SME  Serratia marcescens
oIMI-1  Enterobacter cloacae

© NMC-A Enterobacter cloacae
o SVH-38 Klebsiella pneumoniae

o GES-1 Klebsiella pneumoniae

Fig. 6 A phylogenetic tree of class A carbapenemases. A
phylogenetic tree of six types of class A capbapenemases: GES (Guiana
extended-spectrum B-lactamase), SME (Serratia marcescens enzyme),
SHV-38 (sulfhydryl variable lactamase), KPC (Klebsiella pneumoniae
carbapenemase), IMI/NMC-A (imipenemase/non-metallocarbapenemase-
A), and SFC-1 (Serratia fonticola carbapenemase). Based on the primary
sequences, the tree was generated using Clustal Omega [32-34] of
GenomeNet at Kyoto University Bioinformatics

Center (https//www.genome jp/tools-bin/clustalw)
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ceftazidime. Although the expression level of AmpC is
usually low, it may be induced by administration of a peni-
cillin system or clavulanic acid and may exhibit carba-
penem resistance when it is expressed in large amounts
[1]. Some P-lactamases belonging to this group, including
CMY, ACT, FOX, and MIR, were encoded on a plasmid
[41]. The most significant concern is that variants of
AmpC contribute to the reduced sensitivity to carbapen-
ems. These -lactamases are known as ESAC [42]. In P.
aeruginosa, AmpC mutants have been linked to reduced
sensitivity to imipenem, ceftazidime, and cefepime. Such
mutants, including the plasmid-encoded CMY-10,
CMY-19, and CMY-37 mutants, are classified within
Bush-Jacoby functional subgroup le [43, 44].

The class C B-lactamases share around 40-50% iden-
tity at the primary sequence level. The amino-terminal
region is the most variable, whereas the carboxyl-
terminal region is relatively conserved. They share three
characteristic motifs of serine-reactive [-lactamases:
S-X-X-K in the enzymatic active site, Y-X-N pointing into
the active site, and K-T-G forming the opposite wall of
the active site (Additional file 3: Figure S3) [45].

Class D ESBL oxacillinases (OXAs)

B-lactamases of Ambler class D, known as OXA enzymes
(Fig. 7), which include OXA-1 and OXA-10, possess an
active serine site similar to class A and C [-lactamases.
These [-lactamases show cloxacillin- and oxacillin-
hydrolyzing activity and are classified into Bush-Jacoby
functional group 2d. The overall level of amino acid iden-
tity between class D and class A or class C B-lactamases is
only about 16%. In p-lactamases such as OXA-11 and
OXA-15, the degradation substrate is extended to
extended-spectrum cephalosporins (oxyimino-f3-lactams),
but not carbapenems, and they are classified as Bush-
Jacoby functional subgroup 2de [46, 47]. This type of
B-lactamases is frequently encoded on plasmids and/
or integrons allowing for their wide dissemination
[48]. Carbapenem-hydrolyzing class D [-lactamases
(CHDLSs) are OXA enzymes that hydrolyze carbapen-
ems and belong to Bush-Jacoby functional subgroup
2df. OXA enzymes with carbapenem-hydrolyzing ac-
tivity have mainly been found on the chromosomes of
Acinetobacter baumannii strains [49], but OXA-23
and OXA-48 have been reported on plasmids isolated
from enteric bacteria [50, 51]. These OXA-type en-
zymes are widespread across Acinetobacter, Shewa-
nella, Pseudomonas, and Burkholderi [48, 52]. At the
time of writing, 790 OXA-variants could be found in
public databases. Similar to class A B-lactamases, class
D pB-lactamases retain the tetrad motif S-X-X-K
(including the serine of the enzyme active site), the
Y-G-N/S triad, and the K-T-G triad (Additional file 4:
Figure S4) [53].
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00XA-48 Carbapenemase
00XA-23 Carbapenemase
0OXA-5
00OXA-10 Extended-spectrum cephalosporinase
o0OXA-11 Extended-spectrum cephalosporinase
0OXA-3

° 00OXA-2
00XA-15 Extended-spectrum cephalosporinase
o0OXA-4

©OXA-1

Fig. 7 A phylogenetic tree of the class D 3-lactamase OXA family (oxiacillinase). A phylogenetic tree of the OXA types of B-lactamases. OXA-10,
OXA-11, and OXA-15 are recognized as extended-spectrum cephalosporinases, whereas OXA-23 and OXA-48 are recognized as carbapenem-
hydrolyzing class D B-lactamases (CHDLs). Based on the primary sequences, the tree was generated using Clustal Omega [32-34] of GenomeNet
at Kyoto University Bioinformatics Center (https://www.genome jp/tools-bin/clustalw)
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Class B MBL
Class B B-lactamase is a MBL that possesses the metal Zn**
at the enzyme active center, compared with a serine residue
in the same location for other classes of -lactamase [54].
Class B B-lactamases hydrolyze carbapenems and belong to
Bush-Jacoby functional group 3. P. aeruginosa carrying
MBL degrades all B-lactam agents except monobactams.
Since the metal is located at the enzymatic active center, its
enzymatic activity is suppressed by a chelating agent, such
as ethylenediaminetetraacetic acid (EDTA). The MBL gene
can reside on an integron, transposon, plasmid, chromo-
some, or various other genetic molecules.

The components of an integron first reported in 1989
comprised drug-resistant genes of class B MBLs and

ESBLs of classes A and D [55-57]. Gene cassettes be-
come integrated into the genome via the interaction be-
tween two recombination sites (attl and attC), and an
integrase catalyzes the genetic recombination (Fig. 8).
The promoter, which is located in the integrase gene up-
stream of the insertion site, controls the transcription of
the inserted drug-resistant genes embedded in the
cassette structure.

To date, the carbapenem-resistant metallo-p-lactamases,
imipenemase (IMP) [59], Verona integrated-encoded
MBL (VIM) [60], Sao Paulo MBL (SPM) [61], Germany
imipenemase (GIM) [62], New Delhi MBL (NDM) [63],
and Florence imipenemase (FIM) [64] have been reported
(Fig. 9, and Additional file 5: Figure S5). Among them, the

attl

1755 1756 1757 1758
327 aa 337 aa 246 aa

integrated AMR gene cassette

214 aa

1759 1760 1761
276 aa 115aa 308 aa

intl1 ﬂ bla IMP aac(6')-lae aadA1 ﬁ qacEde]ta sult

transpoase integrase IMP-1 Sull dihydropteroate
streptomycin : synthase
i adenyltransferase ~ QacEdeltal
afninoglycoside multidrug exporter
acetyltransferase

Pseudomonas aeruginosa NCGM2.S1 class 1 integron

Fig. 8 The genomic structure of the class 1 integron of P. aeruginosa NCGM2.51. The intl gene, which encodes integrase Int1, catalyzes
recombination between the att/1 site of the integron and the attC site of an antimicrobial gene cassette [56]. In multidrug-resistant P. aeruginosa
NCGM2.51 [58], three antimicrobial gene cassettes (blaIMP-1, aac(6')-1ae, and aadAT) are integrated into the region between att/ and attC. The
Int1 integrase gene, the attl integration site, and gack partially deleted in the sull gene, which encodes resistance to sulfonamide are present
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Fig. 9 A phylogenetic tree of the class B metallo-3-lactamase family. MBLs can be classified into three subclasses (B1, B2, B3) based on their
amino acid sequences. Subclasses B1 and B3 are characterized by two Zn?* molecules in the enzyme active center (Zn,, Zn.), implying a broader
range of substrates, whereas target substrates of subclass B2, which have a single Zn”* at the active center, are narrower in range than those of
classes 1 and 3 [54]. Based on the primary sequences, the tree was generated using Clustal Omega [32-34] of GenomeNet at Kyoto University
Bioinformatics Center (https.//www.genome jp/tools-bin/clustalw)

IMP- and VIM-type MBLs, first discovered in the 1990s,
are the major MBLs [60, 65]. New variants of IMP- and
VIM-type MBLs are constantly being identified
(Additional file 6: Figure S6 and Additional file 7:
Figure S7). At the time of writing, 83 IMP- and 66
VIM-variants could be found in public databases. The
mutations present in variants affect the spectrum of carba-
penem activities, such as activity against imipenem, mero-
penem, and doripenem [66]. For example, IMP-6, which
has only one amino acid substitution (serine to glycine at
position 214) from IMP-1 (Additional file 6: Figure S6),
enhanced the resistance to meropenem, and meropenem-
resistant Enterobacteriaceae, K. pneumoniae, and P. aeru-
ginosa carrying blaIMP-6 have been spreading in Japan
since 2001 [67, 68]. Similarly, VIM-4, which has only one
amino acid insertion (arginine at position 44) and one
amino acid substitution (serine to arginine at position
265) from VIM-1 (Additional file 7: Figure S7), enhanced
the resistance to carbapemems, and P. aeruginosa carrying
blaVIM-4, which was first reported in 2002, has already
been detected worldwide [69, 70]. IMP and VIM are
mainly included in the integron structure and are inte-
grated into chromosomal DNA and plasmid DNA in asso-
ciation with the transposon [60, 65]. NDM-1 was detected
in Klebsiella and E. coli isolates from patients who
returned to Sweden in 2008 following a trip to India, and
the blaNDM-1 gene was present on the plasmid [63].
Unlike IMP and VIM, NDM was not found in the
integron structure.

MBLs can be classified into three subclasses (B1, B2,
B3) based on their amino acid sequence (Fig. 9) [54, 71].

The level of amino acid identity between groups was as
low as 20% or less. Subclass Bl includes IMP, VIM,
NDM, and SPM, and subclass B3 includes CAU-1,
GOB-1, and FEZ-1, both of which are characterized by
the presence of two Zn** molecules in the enzyme active
center (Znj, Zn,), degradation of a broader range of sub-
strates, and classification into Bush-Jacoby functional
subgroup 3a [54]. The binding site for Zn; of the Bl en-
zyme involves three histidines (His116, His118, and
His196) [72]. The binding site for Zn, of the B1 enzym